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Chapter 1  
 
Introduction 
 
1.1 Introduction to Wireless Body Area Network 
(WBAN) 
Technology advancements of the integrated circuit combined with recent 
progress of wireless communications leading to miniaturization and low 
power consumption of the electronic devices have contributed to various 
innovative wireless devices and applications in a human body area [1]-[8]. 
Potential applications for this emerging technology can be seen in many 
areas including military, healthcare, consumer electronics [9]-[13]. For 
wearable devices, smart watches or activity trackers are used to monitor 
users’ health and smart glasses are used in gaming and entertainments [14]-
[16]. Examples of implantable devices are pacemakers and cochlear implants. 
Electronic devices located close to the human body or inside the human body 
may communicate and establish a wireless link or network among the 
devices or with an exterior central control station for data transmission and 
sharing [17]-[21]. This network is called Wireless Body Area Network 
(WBAN).  
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1.2 WBAN in the Healthcare Domain 
Among various possibilities of WBAN, one of its promising usages is to 
provide solutions to medical and healthcare services. In recent years, most 
nations are facing cost complications in providing long-term health care and 
well-being services. This is mainly due to the increasing aging population, 
which was 841 million in 2013 worldwide and is expected to exceed 2 billion 
by 2050 [22]. While this number represents a socioeconomic and medical 
advancement triumph over diseases, it also poses a serious challenge to the 
healthcare systems globally. The increase of age-related chronic diseases, 
such as congestive heart failure, chronic obstructive pulmonary disease, and 
diabetes, also translates into tremendous strain on various health-care 
services [23], [24].  
WBAN is considered to be one of a practical solution to this challenge by 
being a key technology to support various medical applications especially 
for continuous monitoring and logging vital parameters of patients suffering 
from chronic diseases e.g. diabetes, asthma and heart attacks [25]-[28]. One 
of the core concepts behind WBAN is to remove all wires connecting sensors 
on the patient and developing wireless network between sensors [29]-[31]. 
All these devices are connected without cables and without reducing patient 
comfort, thus, remove any restriction in patient daily activities.  
Moreover, patient could be monitored remotely. Doctors are mostly 
interested in diagnostic of cardiogram, blood pressure, oxygen saturation, 
sugar level and cancer, which can be measured using a number of sensors 
nodes attached to the patient [32], [33]. These electronic medical records of 
registered users are kept at the healthcare servers and different services can 
be provided to patients. The patient’s consultant can access the data from 
office via internet and examine a patient’s history, current symptoms and a 
patient’s response to a give treatment.  
The general concept of wireless body area network for medical monitoring 
is presented in Fig. 1.1, for example. The wireless link from in-body or on-
body devices to on-body or off-body devices requires body area 
communications. Consequently, the data can be transmitter to hospital or 
medical center servers via local area networks (LANs) or mobile systems. 
3 
 
 
Fig. 1.1. An example scenario of the concept of wireless body area network 
for medical monitoring. The red circles represent in-body devices and the 
purple rectangles represent on-body devices where they communicate with 
each other and with exterior unit acting as coordinator and transferring the 
data via internet to central units e.g. hospital servers.  
 
A. Healthcare Monitoring 
Nowadays, more efficient and advanced medical treatment and healthcare 
services using wireless technology are highly in demand due to elderly 
populations [34]. The need for wireless health-monitoring for patients at 
hospital and at home are rising significantly because the wireless technology 
can reduce a patient’s restraint caused by the traditional monitoring system 
using wire links and reduce operating cost and time by remotely monitoring 
patients at home [35],[36].  
Wireless devices for body area communication is usually a device 
consisted of transceivers and body parameter sensors. These devices can be 
used for medical monitoring to collect data such as heart rate, blood pressure, 
body temperature, electroencephalogram (EEG) data for brain activity, 
electrocardiogram (ECG) data for heart activity, and breathing data for 
respiration [37]-[39]. They can also be utilized for physical rehabilitation e.g. 
tilt sensors to monitor accidental falls, foot sensors to monitor steps, and 
movement sensors [40]-[42]. Another medical application of the devices is 
the real time monitoring of patient or elderly people at hospital, retirement 
facility, and home [43], [44]. The device attached to a human body 
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autonomously records vital healthcare data and continuously send the data 
to healthcare staffs or servers in hospitals or medical centers.  
This method can reduce labour work of healthcare staffs and consequently 
lead to the improvement of healthcare services for patients and elderly 
people. Medical monitoring can also be applied to other scenario such as 
monitoring a health status of a driver via in-car communication. Sensors for 
vital signs can be attached to the driver’s body or embedded in the driver’s 
seat, the steering wheel, or seat belt which are parts of the car that are always 
in contact with the driver’s body during driving. The collected health 
parameters can be sent to a control unit using body area communication 
method, then, the control unit can analyze the data and alert the driver or 
automatically take control of the car when necessary for safe driving.  
 
B. Medical Diagnoses and Treatment 
Apart from its usage in health monitoring, WBAN can be utilized for medical 
diagnoses and treatment. One example of the application is a wireless 
capsule endoscopy [45]-[47]. The ingestible capsule has its shape similar to 
a standard pharmaceutical capsule but slightly bigger. After being swallowed 
by a patient, this capsule including a camera and a transceiver takes a number 
of picture or videos as it moves through the gastrointestinal tract and sends 
them wirelessly in a real-time manner to on-body or off-body devices. This 
capsule can examine areas of the small intestine that are difficult or 
impossible to see by other types of endoscopy e.g. colonoscopy or 
esophagogastroduodenoscopy (EGD).  
Another example is a wireless implantable drug delivery system at specific 
target which offers new method for medical treatments [48]-[50]. This 
system delivers drug doses over a specified period in a controlled manner. In 
addition, in contrast to a traditional drug delivery method, drug doses can be 
delivered in a highly concentrated form to the disease area without any 
harmful effect to the body. The typical implantable drug delivery system 
including a drug container, control electronics, and a transceiver for wireless 
communication. 
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1.3 WBAN Standard Scenarios 
The utilization of WBAN can be classified into different scenarios depending 
on the communication conditions and requirements: (1) on-body to on-body 
(2) on-body to off-body (3) in-body to on-body (4) in-body to off-body. In 
each of these scenarios, communication channels and requirements for the 
antenna and communication parameters of the devices are different [8]. For 
instance, for an in-body to on-body scenario, an implanted device located 
inside human body send signals from the inside of human body via an in-
body channel which have higher losses compared to an on-body to off-body 
scenario where signals mainly propagate in free space [51]. 
 
A. On-Body to On-Body 
In this scenario, the wearable devices mounted on different positions of the 
body or located in the vicinity of the body form a network with each other 
where the main part of the channel is on the body surface as shown in Fig. 
1.2. One common example of the on-body to on-body scenario is insulin 
injection for diabetes patient in which a glucose sensor monitors the insulin 
level and communicates via a wireless link with the insulin pump attached 
to the patient’s waist to inject the insulin [52].  
Another additional example is binaural hearing aids where each of hearing 
aids in both ears communicates to adjust the sound or cancel noise based on 
the surrounding conditions. An antenna for this scenario should radiate well 
along on the human body surface, not away from or towards human body. It 
is demonstrated in various literatures that the creeping wave phenomenon is 
the main propagation mechanisms in this case [53]-[57]. 
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Fig. 1.2. On-body to On-body scenario where the red rectangles represent 
on-body devices communicating with each other. 
 
B. On-body to Off-body 
In this scenario, body-worn devices communicate with exterior devices or 
central control units as illustrated in Fig. 1.3. A common usage case of this 
scenario is health-monitoring of patients in a hospital where various 
wearable sensors attached to a patient lying on a bed [58]-[60]. These sensors 
wirelessly transmit the data continuously to a computer located in the 
patient’s room for an analysis in a real-time manner. In contrast to the on-
body to on-body case, an antenna for this scenario should be designed to 
enable wave radiating in a direction away from the human body, not along 
the body surface or towards human body [61]-[63]. The main propagation 
channel is free space indoor environment as the devices normally 
communications to an external station in a patient room. 
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Fig. 1.3. On-body to Off-body scenario where the red rectangles represent 
on-body devices communicating with an external device. 
 
C. In-body to On/Off-body 
Due to the miniaturization of electronic devices, there are new possibilities 
to implant the devices inside human body. An implanted device 
communicates with an exterior device mounted on the body surface (in-body 
to on-body case) or an external unit located in the surrounding area of the 
body or in the same room (in-body to off-body case) as presented in Fig. 1.4. 
Apart from most well-known examples of implanted devices are pacemakers 
and cochlear implant, many promising implantable applications are currently 
being researched, for example, retina implant [64], [65] and brain implant 
[66], [67]. Another example of this case scenario is wireless capsule 
endoscopy (WCE) which the device is technically implanted but swallowed 
into human body.  
For In-body to On-body/Off-body scenario, the human body is considered 
to be a part of a communication medium. Since the body is a lossy 
environment, the attenuation is normally higher than other previously 
mentioned communication case scenarios in the same frequency band which 
makes research work for this case challenging [68]. Considering general 
requirements for the implant devices, they should consume very low power 
that they may not need to change their batteries during the period of use since 
changing the battery probably require a surgery [69]. Also, the devices need 
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to be very small for implantation without causing damage to the implanted 
area which limits the implanted antenna size.  Furthermore, as the antenna in 
this scenario is used in a lossy environment, it is necessary to be specifically 
designed for its performance optimization. 
 
 
Fig. 1.4. In-body to On/Off-body scenario where the red rectangle represents 
an on-body device and the red circle represents an in-body device 
communicating with each other and with an external device. 
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1.4 Frequency Bands 
The wireless connection between the devices of a WBAN can occur at 
different frequencies. Each frequency band has its own advantages and 
disadvantages. The selection of the frequency band for wireless 
communications between the devices which is suitable to the targeted 
application is an important issue. This needs to consider various factors such 
as the size of an antenna, required power, data rate, and attenuation. High 
frequency band has small antenna size but encounter high attenuation. On 
the other hand, low frequency range has limited bandwidth resulting in a low 
data rate transmission. Generally, the available frequencies for WBANs are 
regulated by communication authorities in different countries. Examples of 
available frequency bands for WBAN are listed in this section. 
 
A. Ultra-wideband (UWB) Band 
Around 40 years ago, UWB was mostly utilised for sensing, radar, and 
communications of military. Then, in February 2002, the FCC announced 
that not only radar applications, UWB could also be used for data 
communications. The band allocated the range of frequency from 3.1 GHz 
to 10.6 GHz, which equals to 7.5 GHz bandwidth, which is the largest 
bandwidth allocated to any terrestrial communication system for commercial 
use. Additionally, the band does not require any license, thus, it is free to use 
[70]. However, the power is restrained at very low level i.e. when using the 
whole 7.5 GHz bandwidth, the available transmitting power is approximately 
0.5 mW at the maximum. Consequently, this substantially limits the range 
of UWB applications to short-range and indoor for high data rate 
transmissions or longer distance communications at low data rate. 
Nevertheless, UWB holds great possibility to allow the flexible shift between 
these two modes without the need to significantly modify the transceiver. 
Proposed applications for wireless UWB have been from hundreds of Mbps 
to several Gbps within ranges of 1 to 10 meters. [70] 
In the field of wireless body area network (WBAN) communications, 
UWB has attracted interest because of a confluence of factors. Firstly, due 
to its high frequency level, the antenna size can be significantly reduced. Its 
large available bandwidth also enables high data rate and a good time 
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resolution which is suitable for health monitoring [71]. Moreover, the low 
complexity of UWB system with the combination of the advances in 
electronic circuit miniaturisation allows for further device miniaturisations 
at low cost as well as low power consumption [72]-[77]. In addition, UWB 
signal is noise like because of its low energy density and pseudo-random 
characteristics of the transmitted signal, as a result, UWB transmission do 
not introduce serious interference to existing radio systems [4]. These 
characteristics of UWB make it a potential candidate for WBAN, 
nevertheless, UWB signal have a high attenuation when propagating through 
human body. Therefore, this issue is one of research challenges before the 
actual implementation of UWB technology for WBAN communications. 
 
B. Industrial, Scientific and Medical (ISM) Band 
The ISM band is, as its name suggested, mostly utilized for industrial, 
scientific and medical purposes [78], [79]. For WBAN, ISM bands may 
consist of the 430 MHz band and the 2.4GHz band. ISM band supports high 
data rate applications and is available worldwide. Subjected to local 
authorization, end users do not need licenses for the ISM band up to 1 W. 
However, there are high chances of interference as in spite of the original 
frequency allocation, many wireless devices operate at ISM band in recent 
years thus making them less appealing for high fidelity medical applications. 
 
C. Medical Implant Communications Service (MICS) Band  
The MICS band is a licensed band used for implant communication and has 
the same frequency range (402-405 MHz) in most of the countries [5], [80], 
[81]. This band has low signal attenuation compared with other high 
frequency bands. However, it has a very low maximum transmit power as 25 
μ W Equivalent Isotropic Radiated Power (EIRP) in order to reduce 
interferences among users in the same frequency band. The maximum 
bandwidth is 300 kHz including both the up-link and down-link bandwidth, 
hence, a high data rate is difficult to achieve.  
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D. Wireless Medical Telemetry Service (WMTS) Band 
The WMTS band is allocated by the FCC in the band of 608-614 MHz, 1395-
1400 MHz, and 1427-1432 MHz and is only used in USA [82]. This 
frequency band is utilized basically for remote health monitoring of a patient 
[83]. The data of patient’s health signs and body parameters are collected 
using these devices and transmitted to remote location such as healthcare 
providers and hospitals via wireless links. An example usage of this standard 
is the wireless cardiac monitors for following a patient’s health after surgery. 
It should be noted that only authorized healthcare providers can operate 
WMTS devices and that only within a health care facility. In addition, the 
WMTS devices operating within the distance of 20 cm from the user's body 
must comply with the FCC's radio-frequency (RF) radiation exposure 
guidelines [84]. 
 
E. Human body communication (HBC) Band 
Based on the IEEE 802.15.6 standard, the HBC band operates in the range 
of 10-50 MHz. This band utilizes the human body to act as a communication 
path for data transmissions since the propagation loss along the human body 
at these frequencies is less than that through air. Due to its low propagation 
loss, it has a potential to offer low data rate communications [5]. 
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1.5 Electromagnetic Characteristics and Modelling of 
the Human Body 
The interactions of electro-magnetic wave with human are a part of body 
area network communications, hence, it is important to know the 
electromagnetic properties of human tissues to understand the interaction. 
These properties depend substantially on tissue type as well as frequency. 
Modelling the body is an important task for the antenna and transceiver 
development in communication systems. The body model can be either 
physical phantoms, made from gel, liquid, or solid materials or numerical 
phantoms such as voxel model phantoms which were created based on real 
medical images of human [6]. This type of phantom has been created for a 
wide assortment of people, from male and female, children, and additionally 
pregnant ladies. 
 
A. Electromagnetic Characteristics of Human Tissues  
Several studies have reported the dielectric properties of human tissues at 
various frequencies including a recent comprehensive work in [85]. One of 
the important challenges regarding the determination of tissue parameters is 
obtaining samples since it is impossible to measure live tissues as the 
measuring device needs to be in contact with the tissue. Therefore, all studies 
measure dead tissues. For example, [86] used freshly killed sheep as well as 
dead human materials where all of the measurements utilised an open-ended 
coaxial probe technique [87]. The measurements were conducted within 2 
hours of death for the animal tissues and within 48 hours for the autopsy 
materials in the frequency range from 10 Hz to 20 GHz. 
Table 1.1 presents examples of conductivity, relative permittivity, loss 
tangent, and penetration depth for various tissues at a frequency of 4.5 GHz, 
according the values reported in [85]. In addition, Figs. 1.5 and 1.6 display 
the comparisons of tissue properties across a large frequency range which it 
is observed that the relative permittivity and conductivity of the muscle and 
fat tissues [85] are significantly different within the frequency range.  
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Table 1.1: Example of dielectric properties at 4.5 GHz based on [85] 
 
 
Tissue Name Conductivity Relative Loss Penetration
[S/m] permittivity tangent depth [m]
Aorta             3.06 39.95 0.306 0.0111
Bladder           1.34 16.94 0.316 0.0165
Blood             4.75 54.82 0.346 0.0084
BloodVessel       3.06 39.95 0.306 0.0111
Bone, Cancellous    1.60 16.49 0.389 0.0137
Bone, Cortical      0.84 10.28 0.328 0.0204
Bone, Marrow        0.20 5.09 0.160 0.0591
Brain, GreyMatter   3.58 45.86 0.312 0.0102
Brain, WhiteMatter  2.49 33.96 0.293 0.0126
Breast Fat         0.31 4.74 0.258 0.0381
Cartilage         3.59 34.58 0.415 0.0089
Cerebellum        3.72 41.73 0.356 0.0094
Cerebro Spinal Fluid 5.87 62.85 0.373 0.0073
Cervix            3.43 45.07 0.304 0.0105
Colon             4.01 50.52 0.317 0.0095
Cornea            4.17 48.48 0.344 0.0090
Eye Sclera         3.93 49.73 0.316 0.0096
Fat               0.21 5.08 0.167 0.0567
Gall Bladder       4.04 55.40 0.291 0.0099
Gall Bladder Bile   5.18 65.68 0.315 0.0084
Heart             4.28 51.11 0.334 0.0090
Kidney            4.38 48.89 0.358 0.0086
Lens              3.09 42.27 0.292 0.0113
Liver             3.35 39.97 0.335 0.0102
Lung, Deflated      3.43 45.55 0.301 0.0106
Lung, Inflated      1.51 19.25 0.314 0.0156
Lymph             4.04 54.13 0.298 0.0098
Muscle            3.51 50.19 0.280 0.0108
Nail              0.84 10.28 0.328 0.0204
Nerve             2.12 28.31 0.300 0.0135
Pancreas          4.04 54.13 0.298 0.0098
Retina            3.93 49.73 0.316 0.0096
Skin, Dry           2.69 36.18 0.297 0.0120
Skin, Wet           3.13 40.23 0.310 0.0109
Small Intestine    5.17 50.80 0.407 0.0075
Spinal Cord        2.12 28.31 0.300 0.0135
Spleen            4.16 48.98 0.339 0.0091
Stomach           4.48 58.76 0.305 0.0092
Testis            4.26 54.33 0.313 0.0093
Tongue            3.70 49.73 0.298 0.0102
Tooth             0.84 10.28 0.328 0.0204
Uterus            4.35 54.50 0.319 0.0091
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Fig. 1.5. Comparison of Relative Permittivity of Tissues at Different 
Frequencies.  
 
 
Fig. 1.6. Comparison of Conductivity of Tissues at Different Frequencies.  
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B. Physical Phantoms 
A model that mimicking human tissue characteristics is called a phantom. A 
phantom is used in a study of the interaction between body tissues and 
electromagnetic fields and is used widely in medical research field to explore 
the effect of electromagnetic radiation on health and to develop wide ranges 
of medical treatment and diagnosis, for example, magnetic resonance 
imaging (MRI) scan and hyperthermia [6]. Moreover, phantoms can be used 
as an important tool in the study of radio propagation around and inside 
human body. This study is necessary to a design of efficient, robust, low cost 
communication devices. Phantoms are useful because it can offer a 
controllable propagation environment whereas it is not possible to realise 
such an environment with real human due to human individuality. In addition, 
phantoms are used to test safety of communication devices such as 
smartphones and tablets regarding the radiation absorption which is essential 
as many of such devices are being used in human vicinity at present. Physical 
phantom is commonly classified based on its final state after the fabrication 
process is complete; solid, semisolid, liquid. 
 
I. Liquid Phantoms 
Liquid phantom is a container filled with a liquid which mimicking the 
electric characteristics of body tissues at the specified frequency band. A 
container can be a thin shell of a human head or a whole body. Liquid 
phantom recipe depends on frequency i.e. it contains sugar at low 
frequencies and diacetin or di-ethylene glycol butyl ether (DGBE) at high 
frequencies [6]. The proportion of these material is adjusted to control the 
permittivity of the phantom. On the other hand, an amount of salt (NaCl) is 
adjusted to control the conductivity of the phantom [88]. 
Liquid phantom is broadly used in studies of specific absorption rate 
(SAR) by using a small probe to directly measure the electric fields inside 
the liquid phantom [6]. Liquid phantom is favorable because it is easy to 
manufacture.  
Nevertheless, the phantom does not accurately represent a human body 
since a human internal structure is heterogeneous. Other disadvantages of 
liquid phantom include the limited range of frequencies that the liquid can 
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represent the dielectric properties of human tissues as well as the dielectric 
properties of the shell or the container itself. 
 
II. Semisolid Phantoms 
Semisolid phantom is a type of phantom which is self-shaping, thus, it does 
not require a container or an outer shell. The recipe of semisolid phantom 
includes water, sodium chloride, TX-150 (polyamide resin), and 
polyethelyne powder, agar, and sodium dehydroacetate [89]. The relative 
permittivity and conductivity of the phantom are adjusted by varying an 
amount of polyethelyne powder and sodium chloride respectively. Semisolid 
phantom is useful to simulate high-water content tissues such as muscle and 
brain and its dielectric properties can be adjusted over a broad frequency 
range. An example of a semisolid phantom can be seen in Fig. 1.7. 
 
 
Fig. 1.7. An example of a semisolid phantom [90].  
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III. Solid Phantoms 
This type of phantom can maintain its shape for a certain period of time. It 
is used in the SAR measurement on the surface of the body and the 
measurement of propagation around the body, for example. A number of 
studies have proposed recipes of solid phantoms such as a combination of 
ceramic [91] and graphite powder and a mixture of silicone rubber and 
carbon fiber [92]. As solid phantoms do not contain water, they maintain the 
dielectric properties over a long period. However, solid phantoms require 
special equipment and fabrication procedures are quite difficult. Fig. 1.8 
displays an example of a mould used for solid phantom fabrication [93]. 
 
 
Fig. 1.8. An example of a mould used for solid phantom fabrication [93]. 
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C. Numerical Phantoms 
In recent years, precise numerical human models have been developed using 
magnetic resonance imaging (MRI) and X-ray computed tomography (CT) 
scan. This numerical model is an important tool to offer an effective method 
for simulation studies of body area communications and electromagnetic 
compatibility. Fig. 1.9 shows an example of a numerical human phantom 
developed by [94]. The model has 51 types of tissues including skin, muscle, 
bone, fat, liver, for example. 
 
 
Fig. 1.9. A Japanese human voxel models developed by [94]. 
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1.6 Implanted Antenna  
An antenna is an important element of any wireless communication system. 
Nevertheless, the definition of the implanted antenna is different from that 
of free space [95]. In free space, the definition of the antenna basically just 
includes the radiating or the receiving part of the device whereas for an 
implanted antenna, antenna characteristics are affected by, for example, the 
surrounding tissues, location of the implant, body shape and size [6], [96]. 
Consequently, the implanted antenna can be defined as the complete body 
i.e. the implanted antenna, the implant, and the body. Some examples of the 
design of implanted antennas can be found in [97]-[100].  
 
1.7 Channel Model  
Radio communication of body area scenario is different from traditional 
scenario that occurs in free space due to the influence of human body. Human 
body tissue is a frequency dependent material with fairly high permittivity 
and conductivity [4]. Radio signal are substantially affected by human body 
tissues when propagating in the vicinity of human body [101]. The received 
signal is associated to the communication channel, the distance between the 
transmitter and the receiver, locations of transceivers, dielectric properties of 
tissues involving in the transmission channel, and so on [4]. Channel 
modelling is the beginning step for investigating the body area 
communications. A sufficient knowledge of propagation channel model is 
important to the design of a body area communication system. Consequently, 
the performance of communication system depends its operating channel. As 
mentioned earlier, WBAN standard scenario is classified into in-body, on-
body, and off-body channel. Subsequently, the propagation characteristics 
are commonly considered in terms of channel types as well as operating 
frequency band. 
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1.8 Objectives of the Study  
Many papers on the wireless communications for body area scenarios have 
been reported because of the promising applications in various aspects. 
Recently, among them, wireless implanted devices for sensing and 
monitoring body parameters are considered to be an attractive solution in 
order to facilitate the necessity for the enhancements of healthcare systems 
[2], [102]. These implanted devices are capable of monitoring, processing 
and transmitting physiological data of a person or a patient to the healthcare 
service providers as well as hospitals, leading to the improvements of 
medical diagnoses and treatments. One promising application of wireless 
implanted devices is the physiological monitoring of transplanted organs.  
Organ transplants are now a common part of medical therapy, and the most 
frequently transplanted organs are the liver, kidney, heart, and pancreas 
[103]. In particular, recent medical advances have resulted in the universal 
recognition of liver transplantation as the standard medical treatment for end-
stage liver diseases, acute fulminant hepatic failure, hepatocellular 
carcinoma, and hilar cholangiocarcinoma [104], [105]. However, despite the 
increase in the number of liver transplant procedures being carried out at this 
time, the number of donated organs continues to be limited. It has therefore 
become extremely important to minimize the failure rate of liver 
transplantation. Reportedly highest during the two-week period immediately 
after surgery, minimizing failure rates remains a challenge. Current standard 
methods for monitoring transplanted organs, such as daily blood testing and 
tissue biopsies, do not allow prompt intervention and are often too slow to 
detect potential complications [106]. A liver-implanted wireless monitoring 
system can be a practical solution to this challenge by offering real-time and 
continuous monitoring that enables timely detection before severe damage 
occurs, which can ultimately assist in reducing graft loss and mortality [106]. 
  
21 
 
 
Fig. 1.10. An overview of the liver-implanted wireless monitoring system. 
 
Fig. 1.10 shows an overview of a liver-implanted wireless monitoring 
system in an example case scenario. A liver-implanted wireless device is 
attached to the transplanted liver surface. This system monitors 
physiological data such as hepatic perfusion and oxygenation levels, the 
efficacy indicators of a transplanted liver [106], and transmits them to an on-
body device. The on-body device then acts as a transmission hub that 
wirelessly relays the data to personal devices of patients and doctors, and to 
servers in the hospital. This wireless application can provide real-time 
monitoring for reporting the physiological status of a patient to medical 
personnel [103].  
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To facilitate the telemetry link between the implanted device and the 
exterior hub, ultra-wideband (UWB) technology is considered a favorable 
technology [74]–[76]. As, currently, data rate of wireless implanted device 
is very inferior to other wireless communication systems, several 
publications have investigated and presented the possibility for UWB 
technology to provide high data rate communications for implantable 
devices [69]. Not only for monitoring applications, its capability to transmit 
at high data rate can also accommodate various medical applications 
including implantable drug delivery [107] and micro robots for in-body 
biopsy and treatment procedures [108]. In addition, the physical size of an 
implantable antenna can be substantially reduced because of the high 
frequency used in UWB. This, together with the simple structure on the 
transmitter side, means that the small and lightweight devices can be easily 
manufactured. Moreover, the low power consumption feature of UWB 
technology improves device longevity, and, additionally, the removal of 
implanted devices will become unnecessary because of the possible use of 
biodegradable materials, thus, further reducing the user’s risk.  
UWB signals, however, suffer high attenuation inside the human body 
which leads to degradation of system performance, and therefore causes 
difficulty in establishing UWB wireless communications for in-body 
scenario. Hence, a thorough understanding of the propagation channel 
characteristics within the UWB frequency range is necessary to establish 
reliable wireless communication links. As described earlier, the in-body 
propagation channel is strongly related to the location of implants since 
channel links involving different organs and tissues lead to differences in 
channel characteristics. In-body propagation of UWB channels in different 
locations is reported in various publications, for example, in the chest [109], 
brain [110], and torso [77], [111]. However, to the best of our knowledge, 
no study of liver-to-skin UWB propagation channels exists in the open 
literature. In the present study, we will provide propagation characteristics 
of the in-body channel at liver area with the quantitative information and 
path loss models as well as the evaluation of system performance in the 
example case scenario. This can be a practical tool for evaluating in-body 
wireless telemetry systems in the liver area using UWB technology. 
Consequently, these original findings serve as an important initial step in the 
early stages of developing innovative healthcare monitoring applications 
using implantable devices. 
23 
 
1.9 Contents of the Study 
In our study, we will provide propagation characteristics of the in-body 
channel at liver area and the evaluation of system performances for the 
example case scenario at UWB range. 
In chapter 2, firstly, as an initial attempt to characterize liver implanted 
channel, experimental measurements are conducted using simplified 
multilayer human phantoms at UWB range. Then, the path loss characteristic 
is provided. Consequently, we perform measurements and simulations using 
simplified multilayer phantoms using a smaller and lighter antenna with the 
improved impedance matching characteristics for the implanted 
communication scenario. Frequency-dependent channel characteristics are 
presented and discussed to study the attenuation characteristics of liver 
implanted channel at UWB range. Consequently, the feasibility of liver-
implanted wireless communications using UWB channels is presented. 
In chapter 3, numerical studies on the channel characteristics of liver-
implanted wireless communications are done via simulations using male and 
female digital human models considering various factors such as the effect 
of respiration-induced organ movements, the influence of body size and 
composition, antenna misalignment, off-body scenario communications. 
Numerical results are discussed accordingly. Path loss data and path loss 
model are derived and analyzed. Moreover, channel response in time domain 
is investigated.  
In chapter 4, the performance communication system is evaluated in terms 
of two standard in-body communication scenarios i.e. in-body to on-body 
and in-body to off-body scenarios through link budget analysis considering 
various parameters including maximum system safety margins, maximum 
communication distance, and data rate. Consequently, the study of energy 
absorption in the human body and UWB performance analysis for a liver-
implanted organ monitoring application based on the SAR safety standards 
is demonstrated. Link budget analysis is done based on the corresponding 
calculated path loss from the chapter 3. Eventually, the feasibility of the 
liver-implanted communication using UWB channel under the SAR safety 
standards is confirmed. 
 In chapter 5, this dissertation is concluded. 
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Chapter 2  
 
Study of In-Body Communications at 
Liver Area Using Simplified Multilayer 
Phantoms 
 
2.1 Introduction  
In this chapter, we initially evaluated the viability of in-body wireless 
communications at liver location within the UWB frequency range. Here, we 
developed simplified semisolid multilayer human phantoms consisted of fat, 
muscle, and liver to represent a part of human body for the evaluation of in-
body wireless communications via both experimental measurements and 
simulations.  
In the first part of this chapter, as our initial attempt to study in-body 
propagation channel characteristics for liver implanted communications, we 
performed experimental measurements utilising the commercial Skycross 
antennas and the simplified multilayer human phantoms. Then, in the second 
part of this chapter, we conducted both measurements and simulations using 
the simplified multilayer human models and the antennas fabricated by 
Queen Mary University of London [113] which have better impedance 
matching characteristics for our considered in-body communication scenario 
compared with the Skycross antenna to assess the liver-implanted 
propagation channels. Here, as a beginning step of a characterisation of liver 
implanted channel at UWB range, valuable insights on the antenna 
performances and signal attenuations at liver area were presented.  
The first part of this chapter organizes as follows. Section 2.2 introduces 
the concept of path loss. Section 2.3 shows the commercial Skycross UWB 
antennas used in this part of the study. Section 2.4 presents the multilayer 
semisolid phantom which is developed and used in this part of the study as 
well as its recipe. In section 2.5, experiment configuration is discussed. In 
section 2.6, the outcomes of this experimental study are presented. 
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Consequently, the second part of this chapter is structured as follows. Section 
2.7 introduces UWB antennas used throughout this study. Section 2.8 and 
section 2.9 describe the measurement and simulation configuration for the 
studies in this part. Section 2.10 presents the study results and discussions 
and finally, section 2.11 summarizes the study in this chapter. 
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2.2 Path Loss  
Path loss is the attenuation or the reduction in power of a propagating 
electromagnetic wave which, generally, is influenced by various factors such 
as free-space loss, reflection, diffraction, and absorption. Path loss is 
commonly represented by the path loss exponent in the following formula in 
decibels:  
 
                         PLdB(d) = PL0,dB + 10nlog10 (
𝑑
𝑑0 
) + SdB                               (2.1) 
  
This equation is referred to as the log-distance path loss model where PLdB 
is the path loss in decibels, d is the distance between the transmitter, n is the 
path loss exponent. The value of the path loss exponent is normally in the 
range of 2–6. The loss exponent of 2 is for propagation in free space. Larger 
exponent values are for lossy environments. In buildings, stadiums and other 
indoor environments, the path loss exponent can reach values in the range of 
4–6 [4].  SdB represents the shadow fading in terms of decibels with normal 
distribution.  It has a mean value 0 dB and standard deviation σdB. The 
shadowing term indicates how concentrated the path loss is around its 
average value. The parameter σ of the shadow fading, SdB, can be determined 
using statistical fitting. 
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2.3 Skycross UWB Antenna  
The antennas used as the on- and in- body antennas in the measurements 
were Skycross UWB antennas (SMT-3TO10M-A) manufactured by 
Skycross Inc. as shown in Fig. 2.1.  
 
 
Fig. 2.1. Skycross UWB antenna (SMT-3TO10M-A) used as the on- and the 
in-body antennas in the experiments. 
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2.4 Phantom  
For in-body wireless applications, a human body can be simplified 
approximately as a multilayer structure. Subsequently, simple multilayer 
human model is used to represent a part of human body. These human 
equivalent semi-solid UWB phantoms consisted of fat, muscle, and liver 
tissues which are the main tissues and organ involving in the propagation 
path as presented in Fig. 2.2. For simplicity, skin tissue was not included 
since as reported in [112], using a homogeneous phantom can also achieve 
similar antenna performance results to that of using multilayer phantoms. 
 
 
Fig. 2.2. Measurement setup with the on-body antenna, the in-body antenna, 
and the multilayer phantoms consisted of fat, muscle, and liver layers.  
 
The whole size of phantoms was approximately 200 mm × 130 mm × 120 
mm. The thicknesses of each tissue are 20 mm of fat, 20 mm of muscle and 
80 mm of liver. The composition of fat, muscle, and liver phantoms are given 
in Table 2.1, 2.2, and 2.3 respectively. 
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The broadband measurement of phantom dielectric properties was 
conducted to confirm their values compared to values reported in [85]. The 
dielectric properties of phantoms are shown in Figs. 2.3-2.8.  
 
Ingredient Amount [g]
Deionized water 40
Agar 27
Glycerin 40
Oil 300
Silicone 200
Polyethylene powder 400
Table 2.1 Recipe for fat phantom
Ingredient Amount [g]
Deionized water 3375.0
Agar 104.6
Sodium chloride (NaCl) 16.3
Sodium dehydroacetate 2.0
TX-151 83.29
Polyethylene powder 337.5
Table 2.2 Recipe for muscle phantom
Ingredient Amount [g]
Deionized water 3375.0
Agar 104.6
Sodium chloride (NaCl) 27.2
Sodium dehydroacetate 2.0
TX-151 45.6
Polyethylene powder 675
Table 2.3 Recipe for liver phantom
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Fig. 2.3. Relative Permittivity of fat phantom compared to the Gabriel’s 
value reported in [85]. 
 
 
Fig. 2.4. Relative Permittivity of muscle phantom compared to the Gabriel’s 
value reported in [85]. 
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Fig. 2.5. Relative Permittivity of liver phantom compared to the Gabriel’s 
value reported in [85]. 
 
 
Fig. 2.6. Conductivity of fat phantom compared to the Gabriel’s value 
reported in [85]. 
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Fig. 2.7. Conductivity of muscle phantom compared to the Gabriel’s value 
reported in [85]. 
 
 
Fig. 2.8. Conductivity of liver phantom compared to the Gabriel’s value 
reported in [85]. 
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2.5 Experiment Configuration  
The measurement setup consisted of the two Skycross UWB antennas (SMT-
3TO10M-A), an Agilent N5230C PNA-L vector network analyzer (VNA), 
two coaxial cables connecting each antenna to port 1 and port 2 of the VNA, 
and the human equivalent semi-solid UWB phantoms as shown in Fig. 2.2. 
The method of VNA calibration was used to subtract the cables’ frequency 
response from the channel measurements. 
S21 data were recorded five times and averaged at the 3-5 GHz frequency 
band for various separations between the antennas in the measurements. The 
measurement set up were as followed. An antenna positioned at the liver 
surface under the muscle layer (referred to as in-body antenna) was fixed 
while the other antenna (referred to as on-body antenna) was positioned 
directly on the fat layer and moved from its beginning position (0 mm) in 
steps of 20 mm in each measurement up to the ending position (100 mm). 
Both antennas were oriented in a face-to-face direction as illustrated in Fig. 
2.9. 
 
 
Fig. 2.9. Cross-sectional view of measurement setup with the locations and 
the orientations of the on- and the in-body antennas. 
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2.6 Study Outcome and Analysis  
Initially, to confirm the antenna performance, we measured the S11 and S22 
results of the on- and in-body antennas respectively within the 3-5 GHz range 
as presented in Figs. 2.10 and 2.11 respectively. It can be seen that the on-
body antenna shows good behavior (S11 was below -10 dB) within the 
considered frequency range. On the other hand, the performance of the in-
body antenna is not good because this UWB antenna was originally designed 
to use in free space but it is acceptable for our research objective here. Then, 
as the in-body antenna was at the fixed position, we moved the on-body 
antenna from the starting location (0 mm) to the ending location (100 mm).  
 
 
Fig. 2.10. The reflection coefficient of the on-body antenna. 
 
35 
 
 
Fig. 2.11. The reflection coefficient of the in-body antenna. 
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Fig. 2.12. Experimental results of S21 parameter recorded at different 
distances of the in- and on-body antenna separations. 
 
Experimental results of S21 parameter were collected for various separation 
distances between the in- and on-body antennas and displayed in Fig. 2.12. 
The attenuation variation is approximately between -35 dB and -85 dB 
within the frequency range of 3-5 GHz. It is observed that the magnitude of 
S21 decreases with the increase in frequency, irrespective of the separation 
gap. This is because the loss tangent values of body tissues increase with the 
increase in signal frequency, by that causing more loss when electromagnetic 
waves propagate through body tissues.  
Consequently, to consider the propagation channel inside the human body, 
the path loss (PL) data of each link was obtained by processing all recorded 
S21 data from the measurements as PL = -mean{| S21 |} in decibels. Next, the 
path loss model of the in-body channel as a function of the propagation 
distance was obtained using linear fitting to the path loss data at all points. 
The log-distance path loss model was applied as Eq. 2.1. 
Here, d is the separation distance in millimeters between the in- and on-
body antennas and d0 is the reference implantation depth which is 40 mm in 
this scenario. PL0 is the path loss at the reference location, d0 = 40 mm. The 
path loss exponent, n, can be used to see the rate that the signal power 
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attenuates with the distance. Fig. 2.13 illustrates the average measured path 
loss data as a function of the logarithmic distances of the antenna separation 
and the linear fitting curve of the measured data. Here, PL0 is 47.95 dB. The 
path loss exponent term, n, is the slope of the linear fitting curve equals to 
6.25.  
Also, from Fig. 2.14, the shadowing fits the normal distribution with zero 
mean and σ = 2.59 dB. It can be observed that most data have small deviation 
within a 4-dB range.   
 
 
Fig. 2.13. Measured path loss data for in-body channel as a function of the 
logarithmic in- and on-body antenna separations. 
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Fig. 2.14. Cumulative density function (CDF) of the variation of path loss 
data fitted to the normal distribution. 
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2.7 Low-Profile UWB Antenna  
 
 
 
Fig. 2.15. Small and lightweight tapered-slot UWB antenna fabricated by 
Queen Mary University of London [103]. 
Here, in the second part of this chapter, both measurements and simulations 
were performed in our study of the liver-implanted propagation channels at 
4.5-6.5 GHz. For this, a small and lightweight tapered-slot UWB antenna 
(shown in Fig. 2.15) was used as in- and on-body antennas. This antenna was 
manufactured in the Antenna Measurement Laboratory at Queen Mary 
University of London. More details of this antenna can be found in [103]. 
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2.8 Measurement Setup 
A simplified multilayer phantom consisted of fat, muscle and liver, as 
illustrated in Fig. 2.16, was used in our study here. This phantom was 
developed based on the same recipe presented in the previous part. The 
measurement configuration consisted of the two UWB antennas, a Vector 
Network Analyzer (VNA), two coaxial cables connecting each antenna to 
Port 1 and Port 2 of the VNA, and the human equivalent semi-solid UWB 
phantom. Figs. 2.17-2.22 illustrate the dielectric properties of the 
measurement phantoms which presented good agreements with the values 
presented in [85] over the considered frequency range. The size of this 
phantom was approximately 180 mm × 120 mm × 90 mm. The thicknesses 
of the fat, muscle and liver layers in the phantom were 20 mm, 25 mm and 
45 mm respectively.  
The output power of the VNA was set to 10 dBm. Measurements were 
conducted within the range of 3-10 GHz with N = 12602 frequency points. 
The presented results are within 4.5- 6.5 GHz. The resolution bandwidth was 
20 kHz. The noise level was -100 dB.  
Then, S-parameter results were collected for various gaps between the two 
antennas. The in-body antenna was positioned on the liver surface under the 
muscle layer at a fixed location and the position of the on-body antenna 
placed directly on the fat layer was changed from the starting point (0 mm) 
along the x-axis up to the ending point (80 mm) in steps of 20 mm for each 
measurement.  
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Fig. 2.16. Measurement setup with the on-body antenna, the in-body antenna, 
and the multilayer phantom consisting of fat, muscle and liver layers. 
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Fig. 2.17. Relative Permittivity of fat phantom compared to the Gabriel’s 
value re-ported in [85] and the value derived from CST Microwave Studio 
Material Library.  
 
 
Fig. 2.18. Conductivity of fat phantom compared to the Gabriel’s value re-
ported in [85] and the value derived from CST Microwave Studio Material 
Library. 
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Fig. 2.19. Relative Permittivity of muscle phantom compared to the 
Gabriel’s value re-ported in [85] and the value derived from CST Microwave 
Studio Material Library. 
 
 
Fig. 2.20. Conductivity of muscle phantom compared to the Gabriel’s value 
re-ported in [85] and the value derived from CST Microwave Studio Material 
Library. 
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Fig. 2.21. Relative Permittivity of liver phantom compared to the Gabriel’s 
value re-ported in [85] and the value derived from CST Microwave Studio 
Material Library. 
 
 
Fig. 2.22. Conductivity of liver phantom compared to the Gabriel’s value re-
ported in [85] and the value derived from CST Microwave Studio Material 
Library. 
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2.9 Simulation Setup 
 
(a) 
 
(b) 
Fig. 2.23. Simulation setup with the on-body antenna, the in-body antenna, 
and the multilayer phantom consisted of fat, muscle, and liver layer in (a) 
front view and (b) top view. 
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Simulations were performed to validate the measured results. The simulation 
model of a simplified human equivalent flat phantom consisting of fat, 
muscle, and liver tissues was fabricated as displayed in Fig. 2.23. Figs. 2.17-
2.22 present the dielectric properties of these tissues which are derived from 
the CST Microwave Studio Material Library corresponding with the precise 
values of the tissues based on the study of Gabriel reported [85] over the 
whole frequency band in consideration. 
For simplicity purpose, the skin layer was also neglected here. The whole 
size of the phantom was 180 mm × 120 mm × 70 mm. To reduce the 
computation time, we reduced the thickness of liver tissue in the simulations 
from 45 mm used for the measurements to 20 mm, since this difference in 
thickness did not cause any significant change in the simulated results. In 
addition, in order to achieve the same 45 mm separation between the in-body 
antenna and the surface of the fat phantom as in the measurement 
configuration, the thickness of muscle tissue in the simulation configuration 
was set to 30 mm.  
Thereafter, S-parameter results for various separation values between the 
antennas were then collected. The same method as in the measurements was 
applied i.e. the antenna (referred to as the in-body antenna) was fixed on the 
liver surface inside the muscle layer and the antenna (referred to as the on-
body antenna) positioned directly on the fat layer was moved along the x-
axis from the starting position (0 mm) in steps of 20 mm up to the ending 
position (80 mm). Both the antennas were aligned in a face-to-face direction 
as shown in Fig.2.23(a). 
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2.10 Numerical and Experimental Results 
A. S11 and S22 Results  
S11 results of the on-body antenna and S22 results of in-body antenna were 
recorded within the frequency range from 4.5 GHz to 6.5 GHz as displayed 
in Figs. 2.24 and 2.25 respectively. It can be seen that both the antennas gave 
acceptable performance which were approximately below -10 dB. It should 
be pointed out that when using inside phantoms, a mismatch in the antenna 
impedance and the cables could happen because the antennas were originally 
designed for on-body communication purpose. 
 
 
Fig. 2.24. S11 results of the on-body antenna within the 4.5-6.5 GHz band. 
 
Fig. 2.25. S22 results of the in-body antenna within the 4.5-6.5 GHz band. 
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B. S21 Results  
 
 
Fig. 2.26. Measured and simulated S21 results for various separation gaps 
between the in- and on-body antennas within the 4.5-6.5 GHz band. 
 
For an assessment of the signal attenuation inside the human body, the S21 
results are shown in Fig. 2.26 as a function of frequency for various 
separation gaps between the on- and in-body antennas. The attenuation 
variation is approximately between -50 dB and -100 dB over the frequency 
band of 4.5-6.5 GHz. The results here display that regardless of the 
separation distance, the magnitude of S21 decreases with the increase in 
frequency.  
Furthermore, it can be observed that the S21 decays almost linearly as the 
frequency increases, for the value of distance up to 75 mm. Additionally, as 
discussed in [75], it is noticed that the decay rate of S21 gradually increases 
when the separation distance between the two antennas is increased. For the 
measured results at the distance of 45 mm, the S21 roughly decays from -47 
dB at 4.5 GHz to -64 dB at 6.5 GHz, representing 17 dB of attenuation. 
Similarly, for the distance of 60.2 mm, the S21 decays from approximately -
60 dB at 4.5 GHz to -81 dB at 6.5 GHz. This equals to an attenuation of 21 
dB.  
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2.11 Conclusions 
As an initial step for characterizing the channel, the characteristics of in-
body propagation channels at UWB range for liver implanted wireless 
communications have been studied here by mean of experimental 
measurements and simulations using simplified multilayer human equivalent 
phantoms.  
Firstly, in the first part of this chapter, the measured path loss data for in-
body propagation channels for various propagation distances between the 
implanted and on-body antennas within the 3-5 GHz frequency range were 
obtained and presented. It was found that path loss data were between 45 dB 
and 80 dB between 40 mm and 100 mm propagation distance approximately.  
Consequently, in the second part of the chapter, frequency-dependent 
attenuation results obtained from the measurements and numerical 
simulations using simplified multilayer phantoms were presented and 
discussed. All these investigations confirm that the attenuation 
characteristics of UWB signals for in-body environments is greatly 
dependent upon distance as well as frequency. Generally, the discrepancy 
between the experimental and simulated results has been acceptable. The 
slight differences between both results can be attributed to the minor 
difference between the dielectric constants of the phantom used in the 
measurement and those of real human tissues. The difference between the 
coaxial cable feeding in the measurements and the discrete port feeding in 
the simulations would also have caused some inconsistencies. Moreover, the 
existence of some unavoidable air-gaps due to the insertion of the connecting 
cable for the in-body antenna as well as the air-gaps between the phantom 
layers would have possibly influenced the measured results.  
Finally, our presented results show the possibility of liver implanted 
wireless monitoring system using UWB channel in the example scenario 
case. Furthermore, the results showed that simple multilayer human model 
can represent a part of human body and can be a useful tool in an initial study 
of in-body wireless communications since it is not difficult to fabricate and 
is not time consuming as compared to simulations using human voxel model 
which normally require long computation time and not expensive as 
compared to animal experiments while still can offer acceptable first 
approximation of the channel characteristics. 
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Chapter 3   
 
Numerical Study of Liver- Implanted 
Channel Characteristics Using Digital 
Human Models 
 
3.1 Introduction 
As discussed earlier, channel model is subject to various factors such as body 
shape and size, communication environments, and antenna configuration. 
Therefore, in this chapter, our objective is to study the liver implanted 
channel characteristics for wireless communications at UWB range 
considering the influence of the abdominal organ movements due to 
respiration, the on-body antenna position on the attenuation of signal and 
human subject under different circumstances as well as to derive path loss 
model for in-body scenario under more realistic environment.  
For this, we utilised male and female human phantoms named Taro 
(height: 173.2 cm, weight: 65 kg, body mass index: 21.7) and Hanako 
(height: 160.8 cm, weight: 53 kg, body mass index: 20.4) developed by the 
National Institute of Information and Communication Technology (NICT) 
[94]. The considered frequency band was within 4.5 GHz to 6.5 GHz. The 
simulations and numerical modelling were done utilizing CST Microwave 
Studio software version 2017. 
This chapter is structured as follows. Section 3.2 describes the simulation 
configuration including simulated antenna and voxel model used in the 
investigation as well as the simulation method. Section 3.3 and section 3.4 
presents the numerical analysis and outcomes of S-parameter results. 
Accordingly, section 3.5 gives path loss data and path loss model. 
Consequently, section 3.6 explores the effect of antenna misalignment on the 
channel characteristics. Section 3.7 offers insights on the channel behaviours 
for the in-body to off-body communications. Section 3.8 presents the study 
of channel response in time domain. Finally, section 3.9 gives the 
conclusions of the studies in this chapter. 
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3.2 Simulation Setup 
 
Fig. 3.1. UWB antenna inserted in a material mimicking liver tissue. 
 
The same UWB antenna that was fabricated by Queen Mary University of 
London [113] and used in our previous chapter was also used as in- and on-
body antennas in this investigation. The antennas were installed inside a 
square-shaped case so that part of the antenna body remained inserted in the 
material mimicking the liver tissue dielectric properties (Fig. 3.1) to improve 
the impedance matching characteristics of the antennas. The overall case 
dimensions were 14.9 mm × 23.4 mm × 10.7 mm. The case thickness was 
0.5 mm.  
Here, as illustrated in Fig. 3.2, the in-body antenna was fixed at 31.5 mm 
from the front skin surface and 44 mm from the left side skin surface in the 
Taro model. Subsequently, as the in-body antenna was kept fixed on the liver 
surface, the on-body antenna (mounted on the skin surface) was moved 
horizontally along the reference line in steps of 20 mm up to a distance of 80 
mm. Then, we recorded numerical S-parameter data at various separation 
distances between the two antennas. As reported in [114], the maximum 
movement of liver during normal respiration is approximately 40 mm in the 
craniocaudal direction. Therefore, to study the influence of organ movement, 
the same approaches were repeated up to 40 mm vertically above and below 
the reference line. Also, numerical results of S-parameter were collected for 
both horizontal and vertical orientations of the in- and on-body antennas. Fig. 
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3.3 displays a total of 25 locations of the on-body antenna considered in the 
chapter. 
Likewise, the in-body antenna was fixed in position on the liver tissue, 24 
mm from the front skin surface and 74 mm from the left side skin surface in 
the Hanako model as illustrated in Fig. 3.4. Then, the same approaches as in 
the Taro case scenario were adopted here by moving the on-body antenna up 
to 40 mm vertically above and below the reference line. Consequently, 
numerical results of S-parameter were obtained for both horizontal and 
vertical alignments of the in- and on-body antennas. Fig. 3.5 displays a total 
of 25 locations of the on-body antenna considered in the part. 
 
 
Fig. 3.2. Cross-sectional picture of the human model displaying the locations 
of the in- and on-body antennas in the simulation setup. 
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Fig. 3.3. 3-D model of Taro displaying simulation area and all on-body 
antenna locations. The on-body antenna in both vertical and horizontal 
orientations was horizontally moved from its initial location in steps of 20 
mm up to the distance of 80 mm and its vertical positions were changed in 
steps of 20 mm up to 40 mm above and below the reference line. 
 
 
Fig. 3.4. Cross-sectional picture of the Hanako female model displaying the 
locations of the in- and on-body antennas in the simulation setup. 
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Fig. 3.5. 3-D model of Hanako displaying simulation area and all on-body 
antenna locations. The on-body antenna in both vertical and horizontal 
orientations was horizontally moved from its initial location in steps of 20 
mm up to the distance of 80 mm and its vertical positions were changed in 
steps of 20 mm up to 40 mm above and below the reference line. 
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3.3 Return Loss Results 
The comparison of the return loss results of the in- and on-body antennas for 
both Hanako and Taro case scenario are presented in Figs. 3.6 and 3.7 
respectively for the frequency band of 4.5–6.5 GHz. Compared with the 
return loss results of the antennas in Taro case, it can be seen that the return 
loss characteristics of the antennas are different for each model, even though 
both still performed well.  
In the case of the in-body antenna, the discrepancies in results could be 
due to the different surrounding tissues while in the case of the on-body 
antenna, the variations could be attributed to the body shape differences 
between the male and female bodies considering the female body has more 
curvature compared to the male body. 
 
 
Fig. 3.6. Comparison of the return loss results of the on-body antennas for 
the Taro and Hanako models within the 4.5-6.5 GHz frequency range. 
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Fig. 3.7. Comparison of the return loss results of the in-body antennas for the 
Taro and Hanako models within the 4.5-6.5 GHz frequency range. 
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3.4 S21 Results 
S21 results as a function of horizontal distance of the on-body antenna 
movement from the starting position at different locations along the vertical 
axis for Taro and Hanako model scenarios are presented respectively in Figs. 
3.8 and 3.9. The fluctuation of S21 results along the vertical axis suggests the 
influence of organ movement on the attenuation of signal inside the human 
body. It is noticed that the maximum range of attenuation deviation is around 
30 dB for both models. Also, at each horizontal distance, the largest 
deviation of attenuation from the mean attenuation is 15 dB approximately. 
The presented results emphasize the important observation on the variation 
of signal attenuation influenced by organ movement. It is noticed that 
narrower range of attenuation deviations occurred at each horizontal location 
in the Hanako (female) model as compared to the Taro (male) model. 
 
 
Fig. 3.8. S21 results as a function of horizontal distance of the on-body 
antenna movement from the starting position at different locations along the 
vertical axis for Taro model scenario. 
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Fig. 3.9. S21 results as a function of horizontal movement distance of the on-
body antenna from its initial location at different positions on vertical axis 
for Hanako model scenario. 
 
3.5 Path Loss Results 
The path loss (PL) was consequently calculated from the obtained S21 data, 
as PLdB = -{|S21|} in decibels. Thereafter, using the least squares fitting 
approach, the PL model of the in-body channel as a function of propagation 
distance was realized. The fitted curve for the PL model was applied using 
Eq. 3.1. The PL data is displayed in Fig. 3.10 as a function of the logarithmic 
distances between antennas and its linear fitted curve. The corresponding PL 
parameters are shown in Table 3.1.  
 
                         PLdB(d) = PL0,dB + 10nlog10 (
𝑑
𝑑0 
) + SdB                                     (3.1) 
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Fig. 3.10. Comparison of path loss of Taro and Hanako model scenarios 
versus the logarithmic separation distances of the in- and on-body antennas. 
 
Table 3.1  
Path Loss Parameters for Taro and Hanako Model case scenarios 
 
  d0 (mm) PL0 (dB) n σ (dB) 
Taro 31.5 51.3 6.1 7.1 
Hanako 24 47.7 4.6 6.1 
 
In general, PL in the Hanako model is lower than in the Taro model. This 
could be due to the fact that the body of female typically has more low loss 
tissues e.g. fat (which has a conductivity of 0.21 S/m at 4.5 GHz). On the 
other hand, the male body typically has a higher quantity of high loss tissues 
e.g. muscle (which has a conductivity of 3.51 S/m at 4.5 GHz).  
Figs. 3.11 and 3.12 show the validity of the normal distribution employed 
in Eq. 3.1. We can observe that the PL deviation is approximately within a 
7-dB and 5-dB range for Taro and Hanako respectively. Since the Hanako 
model has a smaller body size, its liver area is more compact. As a result, the 
shadowing term or PL variation in Hanako is less than in Taro. 
60 
 
This shadowing term represents the path loss deviation from the average 
path loss. These deviations are attributed to the different dielectric properties 
of organs and tissues having located along the propagation path as well as 
different relative locations of the in- and on-body antennas. The change of 
path loss can also be resulted from the change of the field generated from the 
antennas with respect to the distance. As of the majority of path loss models 
in WBAN propagation scenario presented in the literatures, the presented 
path loss model is antenna dependent. 
 
 
Fig. 3.11. CDF of the scattering data for Taro model case fitted to the normal 
distribution for Taro model scenario. 
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Fig. 3.12. CDF of the scattering data for Hanako model case fitted to the 
normal distribution. 
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3.6 The Influence of Antenna Misalignment 
In this part, Taro and Hanako human models are used in our study on the 
influence of antenna misalignment on path loss of UWB channel for in-body 
wireless communication at the liver area. The considered frequency band 
was within 4.5 to 6.5 GHz. The numerical modelling and simulations were 
done using CST Microwave Studio software version 2017. 
 
A. Simulation Setup 
Similar to our previous studies, the same UWB antenna that was fabricated 
by Queen Mary University of London was also used as in- and on-body 
antennas and both anatomical voxel Japanese models; Taro (Male) and 
Hanako (Female) [94] were employed in this investigation.  
Unlike our earlier configurations, the antennas are set in the opposite 
orientations, as described in Figs. 3.13 and 3.14 for Taro model case (Hanako 
model case is also applied the same configuration), to study the influence of 
antenna misalignment i.e.  
 
1) horizontal-oriented in-body antenna and vertical-oriented on-body 
antenna  
2) vertical-oriented in-body antenna and horizontal-oriented on-body 
antenna  
 
Then, for both model cases, using the same approach as we used 
previously, we recorded numerical S-parameter data at various separation 
distances between the two antennas and obtained the path loss (PL) 
information by processing simulated S21 data as PL = -{| S21 |} in decibels.  
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Fig. 3.13. Part of Taro model displaying simulation area and all on-body 
antenna locations for the horizontal-oriented on-body antenna and vertical-
oriented in-body antenna scenario.  
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Fig. 3.14. Part of Taro model displaying simulation area and all on-body 
antenna locations for the vertical-oriented on-body antenna and horizontal-
oriented in-body antenna scenario. 
 
B. Study Results and Analysis  
The comparison of PL results between the case of antennas in alignment, 
which we obtained from the previous study, and the case of antenna 
misalignment for Taro and Hanako case scenario are presented in Figs. 3.15 
and 3.16 respectively. Probability density function (PDF) for Taro and 
Hanako cases are displayed in Figs. 3.17 and 3.18 correspondingly which it 
is noticeable that the average PL in antenna misalignment scenario is higher 
than the average PL in the scenario of aligned antennas for both Taro and 
Hanako model cases by approximately 5 dB. Moreover, cumulative 
distribution function (CDF) for Taro and Hanako case scenario are displayed 
in Figs. 3.19 and 3.20 respectively. It can be observed that in the case of 
antenna misalignment, most of path loss data are between 63-80 dB in the 
Taro model scenario and between 53-78 dB in the Hanako model scenario 
which are slightly higher compared to the case of antennas in alignment. 
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Fig. 3.15. Path loss data of the simulated channel versus the logarithmic in-
body and on-body antenna separation distance comparing between the 
antenna misalignment case and the antennas in alignment case for Taro 
model case. 
 
 
Fig. 3.16. Path loss data of the simulated channel versus the logarithmic in-
body and on-body antenna separation distance comparing between the 
antenna misalignment case and the antennas in alignment case for Hanako 
model case. 
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Fig. 3.17. PDF of the path loss data for Taro model case comparing between 
antennas in alignment scenario and antenna misalignment scenario. 
 
 
Fig. 3.18. PDF of the path loss data for Hanako model case comparing 
between antennas in alignment scenario and antenna misalignment scenario. 
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Fig. 3.19. CDF of the path loss data for Taro model case comparing between 
antennas in alignment scenario and antenna misalignment scenario. 
 
 
Fig. 3.20. CDF of the path loss data for Hanako model case comparing 
between antennas in alignment scenario and antenna misalignment scenario. 
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3.7 Channel Characteristics for the In-body to Off-
body Scenario 
Our investigations so far up to this point were for the in-body to on-body 
communication scenario. Nevertheless, practically, it is not necessary for an 
on-body device to be placed directly on the skin surface, but it can also be 
attached to clothes, for example. Hence, in this in-body to off-body 
communication scenario, it would introduce small gaps between the on-body 
device and skin surface which consequently would lead to more signal 
attenuations. Therefore, we utilised both Taro male model and Hanako 
female model in our extensive study in this part. 
 
A. Simulation Setup 
The on-body antenna was set in the air at doff = 2 mm and 5 mm separation 
from the body surface in the in-body to off-body (IN2OFF) scenario while 
the in-body antenna was implanted on the liver surface at the same position 
as in the configuration in our previous studies, as shown in Figs 3.21 and 
3.22. for Taro and Hanako model scenarios respectively. Likewise, the on-
body antenna was moved horizontally in steps of 20 mm along the reference 
line up to a distance of 80 mm and up to 40 mm vertically above and below 
the reference line, described in Figs. 3.3 (Taro case) and 3.5 (Hanako case). 
Consequently, S-parameter results were obtained at various locations of the 
on-body antenna. 
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Fig. 3.21. Cross-section view of the Taro model sliced at a height of 1170 
mm (as shown in Fig. 3.3), illustrating the on- and in-body antenna locations 
in the IN2OFF simulation setup where two scenarios of doff (distance from 
the skin surface) = 2 mm and 5 mm were configured. 
 
 
Fig. 3.22. Cross-section view of the Hanako model sliced at a height of 1116 
mm (as shown in Fig. 3.5), illustrating the on- and in-body antenna locations 
in the IN2OFF simulation setup where two scenarios of doff (distance from 
the skin surface) = 2 mm and 5 mm were configured. 
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B. Return Loss Results 
For both the Taro and Hanako models, the return loss results of the on-body 
antenna for the off-body scenario exhibit good behaviours within the 4.5–6.5 
GHz frequency band, as displayed in Figs. 3.23 and 3.24 respectively. The 
variations of return loss characteristics could be due to the curvature of body 
surface. 
 
 
Fig. 3.23. Return loss results of the on-body antennas at the various distances 
from body surface within the 4.5-6.5 GHz frequency range for Taro model 
case. 
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Fig. 3.24. Return loss results of the on-body antennas at the various distances 
from body surface within the 4.5-6.5 GHz frequency range for Hanako 
model case. 
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C. Path Loss Results for the In-body to Off-body Scenario 
Consequently, the path loss (PL) data for this IN2OFF scenario as a function 
of logarithmic distance, and the linear fitted curves for the Taro and Hanako 
models obtained using Eq. 3.1 are illustrated Figs. 3.25 and 3.26 respectively, 
compared with the PL data obtained earlier for the in-body to on-body 
communication (IN2ON) scenario. The obtained PL parameters at 2 mm and 
5 mm off-body distances are shown in Table 3.2 and Table 3.3.  
In addition, as seen in Figs. 3.27-3.30, it is confirmed that the variation of 
PL data for IN2OFF scenario in both model cases follow the normal 
distribution. It can be observed that most of PL data lie approximately within 
a 5-dB deviation from the fitted curve. Subsequently, it is observed that the 
PL data for both IN2OFF scenarios are similar to the PL data for the IN2ON 
scenario. This suggests that the total PL for the IN2OFF channel is mainly 
attributable to in-body propagation. 
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Fig. 3.25. Path loss of the simulated channel as a function of the logarithmic 
in- and on-body antenna separation distance comparing between the IN2ON 
and the IN2OFF case scenarios for Taro model case. 
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Fig. 3.26. Path loss of the simulated channel as a function of the logarithmic 
in- and on-body antenna separation distance comparing between the IN2ON 
and the IN2OFF case scenarios for Hanako model case. 
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Table 3.2 
Path Loss Parameters of Taro Model for the IN2ON and the IN2OFF 
scenarios 
 
  d0 (mm) PL0 (dB) n σ (dB) 
On-body 31.54 51.311 6.06 7.09 
2mm off-body 33.54 49.94 7.68 4.99 
5mm off-body 36.54 51.1 7.39 5.03 
 
Table 3.3 
Path Loss Parameters of Hanako Model for the IN2ON and the 
IN2OFF scenarios 
 
  d0 (mm) PL0 (dB) n σ (dB) 
On-body 24 47.67 4.6 6.1 
2mm off-body 26 45.67 5.3 6.41 
5mm off-body 29 47.15 4.52 4.61 
 
  
76 
 
 
Fig. 3.27. CDF of the scattering data for Taro model case fitted to the normal 
distribution for 2mm off-body scenario. 
 
 
Fig. 3.28. CDF of the scattering data for Taro model case fitted to the normal 
distribution for 5mm off-body scenario. 
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Fig. 3.29. CDF of the scattering data for Hanako model case fitted to the 
normal distribution for 2mm off-body scenario. 
 
 
Fig. 3.30. CDF of the scattering data for Hanako model case fitted to the 
normal distribution for 5mm off-body scenario. 
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3.8 In-Body UWB Channel Impulse Response 
To design of an UWB system, accurate knowledge of the propagation 
channel characteristics such as path loss and delay spread is important. In 
this part, the time-domain response in terms of delay spread was investigated. 
Based on the numerical configuration in Figs. 3.2 and 3.3 (Taro case) and 
3.4 and 3.5 (Hanako case), the impulse responses, h(τ ), at different 
receiving positions of the on-body antenna for the in-body to on-body 
channel were obtained.  
 
Consequently, the mean excess delay, 𝜏𝑚 , and the root-mean-square 
(RMS) delay spread, 𝜏𝑅𝑀𝑆 , was then calculated using Eq. 3.2 and 3.3 
respectively. 
 
                                          𝜏𝑚 =  
Σ𝑘𝑃(𝜏𝑘)𝜏𝑘
Σ𝑘𝑃(𝜏𝑘)
                                                          (3.2) 
                                      𝜏𝑅𝑀𝑆 =  √
Σ𝑘𝑃(𝜏𝑘)𝜏𝑘2
Σ𝑘𝑃(𝜏𝑘)
− 𝜏𝑚2                                         (3.3) 
 
where 𝑃(𝜏𝑘)  is the power delay profile (PDP), which is a statistical 
expression of the transmission channel characteristics, obtained for a given 
location of the on-body antenna. It can be derived from the impulse response 
as 𝑃(𝜏𝑘) = h(τ) ・  h∗ (τ)  where k is the number of detectable paths.  
 
The cumulative distribution function (CDF) of the mean excess delay and 
RMS delay spread for Taro model case are presented in Figs. 3.31 and 3.32 
respectively and the cumulative distribution function (CDF) of the mean 
excess delay and RMS delay spread for Hanako model case are presented in 
Figs. 3.33 and 3.34 respectively. The measured mean excess delay and RMS 
spread delay results are fitted to log-normal distribution which can provide 
a tool in modelling empirical in-body propagation. The RMS delay spread is 
less than 0.25 ns approximately for a probability level of 0.8. These RMS 
delay results are substantially smaller than typical delay values for line-of-
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sight channels under indoor environments, for example, which its RMS delay 
is 5 ns or more [69]. On the other hand, compared to on-body channel 
scenario, RMS delay spread is between 1 and 6 ns approximately [115], 
[116].  
 
 
Fig. 3.31. Cumulative Distribution Function (CDF) of the mean excess delay 
for different gaps between the in- and the on-body antennas for Taro model 
case. 
 
 
Fig. 3.32. Cumulative Distribution Function (CDF) of the RMS delay spread 
for different gaps between the in- and the on-body antennas for Taro model 
case. 
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Fig. 3.33. Cumulative Distribution Function (CDF) of the mean excess delay 
for different gaps between the in- and the on-body antennas for Hanako 
model case. 
 
 
Fig. 3.34. Cumulative Distribution Function (CDF) of the RMS delay spread 
for different gaps between the in- and the on-body antennas for Hanako 
model case. 
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3.9 Conclusions 
To summarize, this chapter presented is a research study on the liver-
implanted channel characteristic with the consideration of the influence of 
organ movement on the variation of signal attenuation as well as the effect 
of different digital human subjects on channel behaviours in various 
circumstances in a UWB frequency range of 4.5–6.5 GHz. Two realistic 
numerical human models, Taro (male) and Hanako (female), were used for 
these study purposes. 
The simulated results for both model scenarios indicated that respiration-
induced organ movement can lead to the change of signal attenuation which 
highlights the significant variations of attenuation within the range of 30 dB 
due to the movements of upper abdominal organs up to 40 mm during normal 
respirations. Thus, according to the result, this suggests that it is important 
to consider the influence of organ movement when designing the 
communication system for in-body scenario. 
Consequently, the path loss models for the two model cases have been 
provided for the in-body to on-body channel. The path loss data within an 
approximate distance up to 90 mm are between 45-90 dB for Taro case and 
between 40-80 dB for Hanako case. The shadowing term, around 6 dB 
(Hanako) and 7 dB (Taro), is high compared to the value of 2 dB for free 
space scenario which indicates the influence of lossy environment to the 
wave propagation for the in-body scenario. The obtained results show that a 
difference of around 6% in body mass index can lead to a difference of nearly 
10% in path loss. This indicates that channel characteristics are subject-
specific and this should therefore be considered in future research.  
 In addition, the study on the influence of antenna misalignment was 
conducted. Path loss data for the case of antenna misalignment was presented 
for both Taro and Hanako model scenarios and was compared to the path 
loss for the case of antenna in alignments. Consequently, it is observed that 
for the antenna misalignment case, the mean PL is higher than the mean PL 
for the aligned antenna case scenario for both Taro and Hanako model cases 
by roughly 5 dB.  
Moreover, the quantitative information and path loss models presented in 
section 3.7 provide insights into channel behaviour by comparing two human 
models in both the in-body to on-body (IN2ON) and the in-body to off-body 
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(IN2OFF) scenarios. It can be noticed that the PL data for IN2OFF scenarios 
are similar to the PL data obtained for the IN2ON scenario. This observation 
indicates that for the IN2OFF channel, the overall PL is mainly attributable 
to the propagation inside human body. 
Consequently, the investigation in section 3.8 presented the propagation 
characteristics for UWB channel within 4.5-6.5 GHz range in terms of time 
domain parameters i.e. mean excess delay and RMS delay spread. Numerical 
simulations were performed here using the same approach as used in the 
attenuation and path loss studies in this chapter. This study was also done 
using both Taro (male) and Hanako (female) models. The obtained results 
suggest that the signal highly attenuates when propagating through multi-
layered body tissues which are lossy medium. Also, it can be concluded that 
the in-body to on-body channel characteristics mainly depend on the large 
attenuation and are less affected by the multipath. 
The data presented in this chapter will be used for link margin calculation 
in the following chapter to evaluate in-body wireless telemetry system 
performances for the liver-implanted scenario.  
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Chapter 4 
 
Link Budget Evaluations 
 
4.1 Introduction 
For body area communication system, its performance is affected by its 
operating channel and on top of that, body area channels are different from 
traditional wireless channels of indoor and outdoor scenarios due to the fact 
that signal propagates inside, on, or in the vicinity of human body. This 
different propagation medium introduces new issues in terms of channel 
modelling and system performance evaluation. The previous chapters have 
discussed generalized in-body channels in the form of attenuation and path 
loss. In this chapter, the communication system performance will be assessed 
in terms of communication scenario i.e. for the in-body UWB 
communication scenario, two usage scenarios will be explored: in-body to 
on-body and in-body to off-body scenarios. The system performance will be 
evaluated via link budget analysis which will be discussed considering 
various parameters such as maximum system safety margins, maximum 
communication distance, and data rate. Also, the study of energy absorption 
in the human body and UWB performance analysis for a liver-implanted 
organ monitoring application with the consideration of SAR limits will be 
given through link budget analysis based on the computed path loss from the 
chapter 3. At a specified data rate and a specific bit error rate (BER), the 
required transmitting power will be calculated and compared with the 
corresponding SAR. Lastly, the feasibility of the wireless communication 
using UWB channel at liver area will be presented. 
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4.2 Link Budget Evaluation and Analysis 
A link budget takes into account of all gains and losses from the trasmitter 
via the transmission medium to the receiver in a communication system. It 
considers the propagation attenuation of transmitter signal and antenna gains, 
for example. Besides path loss we obtained in the previous chapters, the 
feasible transmitting power of signal and the characteristics of noise are also 
needed to be considered for link budget analysis for an in-body UWB 
channel. 
The emission mask for UWB was stated by the Federal Communications 
Commission (FCC, 2002) so that UWB signal can cooperate with other radio 
signals. The emission mask limits the allowed transmitting power. For the 
entire UWB range, from 3.1-10.6 GHz, the maximum allowed emission 
power density is -41.3 dBm/MHz. As the FCC emission mask refers to a 
unilateral power spectrum density (PSD) PM(f) = -41.3 dBm/MHz, the 
maximum transmitting power PM,mx allowed for a signal taking up the entire 
UWB frequency range is expressed as the following  
 
                      PM,mx (dBm)  = 10log10∫ 𝑃𝑀(𝑓)𝑑𝑓
10.6×103
3.1×103
                           (4.1) 
                     = -41.3 + 10log10 (10.6 × 103- 3.1 × 103) 
= -2.55 dBm 
 
Or                       PM,mx     = 0.55 mW 
 
Likewise, for the frequency band considered in our study here, that is, 4.5-
6.5 GHz, the signal bandwidth becomes 2 GHz, the maximum allowed 
transmitting power PM,mx  is  
 
PM,mx = -41.3 + 10log10(2000) = -8.29 dBm 
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As stated by the FCC regulation, the UWB signal must follow the emission 
mask requirements and the maximum allowed transmitting power. Given the 
maximum allowed transmitting power, the safety margin of the system can 
be derived consequently. 
To begin with, considering the receiver end, we derive the noise 
characteristics by assuming that the noise at the receiver is Additive white 
Gaussian noise (AWGN) only. This noise is basically thermal noise, caused 
by the receiving antenna and the receiver front-end circuit. Consequently, 
the thermal noise power spectrum density (W/Hz) is expressed by 
 
                                N0 = k[Ta + (NF – 1)T0]                                             (4.2) 
 
where Ta is the receiving antenna temperature, T0 = 300 K is the 
environment temperature, k = 1.38 × 10−23 J/K is the Boltzmann constant, 
and lastly, NF is the noise figure of the receiving device.  
As the receiving device is on the human body, it is reasonable to assume 
that Ta = T0 = 300 K. Therefore, Eq. 4.2 becomes  
 
N0 = kT0NF                                                         (4.3) 
 
Then, the energy per bit to noise power spectral density (Eb/N0) which is a 
measure of signal to noise ratio is determined at a given data rate. This 
parameter is an important figure merit in data transmission. It tells us the best 
possible performance which can be achieved across a transmission link based 
on a given transmitting power and a desired Bit Error Rate (BER).  
The power received at the receiver side is expressed by 
 
      Pr,dBW = Pt,dBW + Gt,dB  – Lt,dB – PLdB – LM,dB + Gr,dB – Lr,dB                 (4.4) 
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which takes into account of all the losses and gains at the transmitter and 
receiver end as well as the miscelleneous losses. The description of each 
parameter is explained in Table 4.1. 
Consequently, the Eb/N0 is expressed in decibels: 
  
Eb/N0,dB = Pr,dBW – 10log10fb – N0,dB                                (4.5) 
 
where fb denotes as the data rate. 
Lastly, a system margin Ms can be defined as 
 
𝑀𝑆 =  
𝐸𝑏
𝑁0
       [
𝐸𝑏
𝑁0
]
𝑠𝑝𝑒𝑐
                                              (4.6) 
 
[Eb/N0]spec denotes the required  Eb/N0 for the desired communication 
system.  
Considering Eq. 4.6, if the Eb/N0 is higher than the required [Eb/N0]spec , 
that is the system margin Ms ≥ 0, the considered wireless communication is 
possible. Note that the higher system margin means the more reliable and 
robust wireless communication. 
Moreover, based on the path loss equation (Eq. 3.1, chapter 3) and the 
maximum allowed transmitting power, we can obtain the maximum 
receiving power, Pr,dBW, using Eq. 4.4. Subsequently, the term Eb/N0 can be 
rewritten in propagation distance d term as follows 
Eb/N0,dB = Pr,dBW – 10log10fb – N0,dB 
= Pt,dBW – PLdB – 10log10fb – N0,dB                                                   (4.7) 
= Pt,dBW – PL0,dB – 10nlog10[
𝑑
𝑑0
]– 10log10fb – N0,dB 
Thereafter, at the given BER, the maximum distance as a function of data 
rate can be calculated. 
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TABLE 4.1 Parameters for UWB link budget analysis in the 
considered system scenario 
Frequency (GHz) 4.5-6.5 
Transmitting power Pt (dBm) -8.29 
Transmitting antenna gain Gt (dBi) -24 (Taro), -19 (Hanako)  
Receiving antenna gain Gr (dBi) 0 (Taro), 0 (Hanako) 
Environment temperature (K) 300 
Transmitter losses Lt (dB) 0 
Miscellaneous losses LM (dB) 0 
Receiver losses Lr (dB) 0 
Front-end noise figure (dB) 6  
Boltzmann constant k (J/K) 1.38 × 10-23 
Noise power (dBm) -104.8 
Bit Error Rate (BER) 10-3 
Modulation Pulse-position modulation (PPM) 
De-modulation Non-coherent energy detection 
Channel Additive white Gaussian noise 
(AWGN) 
[Eb/N0]spec (dB) 8 
 
The acceptable BER level was chosen to be 10-3 for our considered system 
in the case scenario here. Subsequently, the specification of Eb/N0 or 
[Eb/N0]spec of 8 dB is required [4].  
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A. In-Body to On-Body Scenario 
With the path loss parameters derived in the chapter 3, link budget was 
analyzed with respect to system margin, maximum communication distance, 
and data rate for both Taro and Hanako case for the in-body to off-body 
scenario. Figs. 4.1 and 4.2 illustrates that system margin depends on the 
maximum communication distance as well as data rate. It can be seen that at 
data rate of 1 Mbps, maximum communication distance can be achieved up 
to 90 mm approximately for Taro case and 100 mm and more for Hanako 
case. On the other hand, at 10 Mbps data rate, maximum communication 
distance is reduced to 55 mm for Taro case and 90 mm for Hanako case. 
 
 
Fig. 4.1. System margin Ms as a function of maximum communication 
distance for the in-body to on-body scenario of Taro model case at data rate 
= 1 Mbps and 10 Mbps. 
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Fig. 4.2. System margin Ms as a function of maximum communication 
distance for the in-body to on-body scenario of Hanako model case at data 
rate = 1 Mbps and 10 Mbps. 
 
B. In-Body to Off-Body Scenario 
Similarly, with the path loss parameters derived in the chapter 3, link budget 
was analyzed with respect to system margin, maximum communication 
distance, and data rate for both Taro and Hanako case for the in-body to off-
body scenario. Here, Figs. 4.3-4.6 also show the dependence of system 
margin with the maximum communication distance and data rate. It can be 
seen that for Taro case, with the on-body antenna configured at 2-mm and 5-
mm off body surface, maximum communication distances can be achieved 
up to approximately 80 mm and 90 mm respectively at data rate of 1 Mbps. 
On the other hand, with the on-body antenna configured at 2-mm and 5-mm 
off body surface, maximum communication distances are reduced to around 
60 mm and 70 mm respectively at data rate of 10 Mbps for Taro case.  
Likewise, the similar link budget characteristic can be observed for Hanako 
case i.e. with the on-body antenna configured at 2-mm and 5-mm off body 
surface, maximum communication distances can be achieved up to more 
than 100 mm at data rate of 1 Mbps. While, with the on-body antenna 
configured at 2-mm and 5-mm off body surface, maximum communication 
distances are approximately 70 mm and 100 mm respectively at data rate of 
10 Mbps. 
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Fig. 4.3. System margin Ms as a function of maximum communication 
distance for the in-body to off-body scenario with the on-body antenna set at 
2-mm off skin surface of Taro model case at data rate = 1 Mbps and 10 Mbps. 
 
 
Fig. 4.4. System margin Ms as a function of maximum communication 
distance for the in-body to off-body scenario with the on-body antenna set at 
5-mm off skin surface of Taro model case at data rate = 1 Mbps and 10 Mbps. 
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Fig. 4.5. System margin Ms as a function of maximum communication 
distance for the in-body to off-body scenario with the on-body antenna set at 
2-mm off skin surface of Hanako model case at data rate = 1 Mbps and 10 
Mbps. 
 
 
Fig. 4.6. System margin Ms as a function of maximum communication 
distance for the in-body to off-body scenario with the on-body antenna set at 
5-mm off skin surface of Hanako model case at data rate = 1 Mbps and 10 
Mbps. 
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4.3 Electromagnetic Compatibility Evaluations 
This part of the study will demonstrate the study of energy absorption in the 
human body and UWB performance analysis for a liver-implanted organ 
monitoring application based on the Specific Absorption Rate (SAR). Link 
budget will be analysed based on the previously computed path loss data. 
The required transmitting power for a targeted data rate at a specific bit error 
rate (BER) will be derived and consequently, the corresponding SAR will be 
obtained. Eventually, the viability of the liver-implanted communication 
using UWB channel is presented.  
 
A. Quantitative Analysis  
The evaluation of communication performance in this part is based on the 
specific BER i.e. the acceptable BER was chosen to be 10-3 for our system 
in consideration in the example case scenario here. Accordingly, the 
specification of Eb/N0 or [Eb/N0]spec of 8 dB is required [4]. Similar to the 
approach described earlier, the receiving power, Pr,dBW, can be derived as 
 
                                  Pr,dBW = Eb/N0,dB + 10log10fb + N0,dB                               (4.8) 
 
where fb denotes as the data rate and N0,dB is the noise PSD.  
With the computed Pr,dBW under the parameter described in Table 4.1 and 
path loss at a separation distance d between the on-body and the in-body 
antenna, the required transmitting power at the distance d can be calculated 
as  
 
          Pt,dBW = PLdB(d) + Pr,dBW   – Gt,dBW – Gr,dBW                            (4.9) 
 
This indicates that the different transmitting power is required for a 
different distance d at a targeted BER performance, therefore, SAR also 
varies according to the distance d. Consequently, SAR values were computed 
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using CST Microwave Studio software under the transmitting power 
computed via Eq. 4.9. 
 
B. SAR Results  
Here, the 10 g-averaged spatial peak SAR is used as a guideline for safety 
evaluation. It should be noted that according to the FCC regulations, the 
maximum allowed transmitting power at UWB range in this case scenario is 
limited to -38 dBW approximately. Figs. 4.7 and 4.8 display the examples of 
the required transmitting power for achieving a BER of 10-3 as a function of 
communication distance from an in-body device attached on the liver surface 
to an on-body device mounted to the body surface at the data rates of 1 Mbps 
and 10 Mbps calculated at 4.5 GHz for Taro and Hanako model scenarios 
respectively. It is clearly observed that the required transmitting power 
depends on both data rate and distance. Consequently, our SAR calculations 
were done considering the worst-case scenario under the limitation of power 
and communication distances for various frequencies from 4.5 GHz to 6.5 
GHz at a given data rates of 1 and 10 Mbps i.e. for Taro model case, under 
the transmitting power limit, the maximum communication distances were 
55 mm and 80 mm at the data rate of 10 Mbps and 1 Mbps respectively. Then, 
the required transmitting power were then obtained at these maximum 
communication distances and used for SAR calculations. On the other hand, 
for Hanako model case, under the transmitting power limit, the 
communication distances were possible up to more than 95 mm at both the 
data rate of 10 Mbps and 1 Mbps. However, our derived path loss result was 
valid up to the distance of 95 mm approximately, therefore, our SAR 
calculations were done using the required transmitting power at the given 
maximum communication distance of 95 mm.  
 Figs. 4.9 and 4.10 present the 10 g-averaged peak SAR under the required 
transmitting power to meet the desired BER of 10-3 for both Taro and Hanako 
model cases at the given data rates of 1 Mbps and 10 Mbps for various 
frequencies for the considered worst-case scenario that were described 
previously. For Taro model case, since the transmitting power was 
considered at approximately the maximum allowed transmitting power for 
both given data rates of 1 Mbps and 10 Mbps, SAR results were similar. On 
the other hand, for Hanako model case, SAR were evaluated using the 
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transmitting power required at the communication distance of 95 mm which 
were different between the data rate of 10 Mbps and 1 Mbps, as a result, SAR 
results were different. In addition, to consider the wideband transmission, 
the first approximation of SAR values over the 4.5-6.5 GHz band were 
calculated via a summation of SAR values at various frequencies in the 
considered band. The aggregated SAR results for Taro case were 34.9 mW/ 
Kg and 34 mW/Kg at the data rate of 1 Mbps and 10 Mbps respectively. 
Likewise, the aggregated SAR results for Hanako case were 4.3 mW/ Kg and 
43.3 mW/Kg at the data rate of 1 Mbps and 10 Mbps respectively. 
Subsequently, our results show that, in general, the 10 g-averaged peak SAR 
never exceed the safety limit of 2 W/Kg for both Taro and Hanako model 
cases. 
 
 
Fig. 4.7. Example of required transmitting power versus communication 
distance or achieving a BER of 10-3 for Taro model scenario at 4.5 GHz. 
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Fig. 4.8. Example of required transmitting power versus communication 
distance or achieving a BER of 10-3 for Hanako model scenario at 4.5 GHz. 
 
 
Fig. 4.9. 10 g-averaged peak SAR under the required transmitting power to 
meet the desired BER of 10-3 for Taro model case at the given data rate of 1 
Mbps and 10 Mbps for various frequencies. 
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Fig. 4.10. 10 g-averaged peak SAR under the required transmitting power to 
meet the desired BER of 10-3 for Hanako model case at the given data rate 
of 1 Mbps and 10 Mbps for various frequencies. 
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4.4 Conclusions 
In this part of our study, the numerical evaluation of communication 
performances for the in-body to on-body and the in-body to off-body 
scenarios at liver area in terms of link budget have been conducted using 
both anatomical male and female models. It is observed that a margin of the 
system in consideration is always higher than 0 dB at a communication 
distance of 55 mm even at a data rate as high as 10 Mbps. These results 
indicate that a reliable wireless communication link in the considered UWB 
range is possible.  
In addition, the feasibility of liver-implanted communications using UWB 
channel was investigated under the safety limits based on the FCC 
regulations of UWB transmission power and ICNIRP guidelines of SAR 
[117]. We have derived the quantitative data of the transmitting power 
required for achieving targeted BER of 10-3 at the data rate of 1 and 10 Mbps 
through a link budget analysis with the obtained path loss information from 
the previous chapters. Consequently, the first approximation of the 
corresponding 10 g-averaged peak SARs under the required transmitting 
powers were presented. The results indicate that it is possible to establish 
liver-implanted communications using UWB channel for the proposed 
application in the example scenario at a data rate as high as 10 Mbps while 
still operating under the safety standards of 2W/Kg specified by ICNIRP 
[117].  
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Chapter 5 
 
Conclusions and Future Works 
 
This dissertation addresses to clarify the channel characteristics of the liver-
implanted communications using UWB channel. 
Chapter 2 presents the characteristics of in-body propagation channels at 
UWB range for liver implanted wireless communications at an initial stage 
of the investigation by approach of experimental measurements and 
simulations using simplified multilayer human equivalent phantoms as to 
check the possibility of the implementation of in-body communications 
using UWB technology for liver-implanted scenario. The measured path loss 
data as well as path loss model were derived and presented for various 
communication distances between the implanted and on-body antennas 
within the 3-5 GHz frequency band for an in-body scenario. Then, 
frequency-dependent results of attenuation level collected from the 
experimental measurements and simulations using simplified multilayer 
phantoms within the 4.5–6.5 GHz frequency range were presented and 
analyzed. The results confirmed that the characteristics of UWB signal 
attenuation in an in-body scenario is greatly dependent upon distance as well 
as frequency. Our results showed the viability of liver-implanted wireless 
organ monitoring application utilizing UWB channel in the example scenario 
case. Moreover, the results indicated that simple multilayer human model is 
able to represent a part of human body which is considered to be a useful 
approach in an initial attempt to study of in-body wireless communications 
because it is easy to manufacture and is not as time consuming as simulations 
using human voxel models. 
Chapter 3 presented a study on the liver-implanted channel characteristics 
at UWB range (4.5–6.5 GHz) under a more realistic environment compared 
to the earlier studies considering organ movements due to respiration as well 
as human subjects to study the effect of body shape and composition on the 
channel behaviours. For this, two different numerical human models, Taro 
(male) and Hanako (female), were utilised. Firstly, the variation of signal 
attenuation levels due to respiration-induced organ movement was found in 
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both model cases. The results showed that respiration-induced organ 
movement can cause the change of attenuation level as the major variations 
of attenuation level is found to be within the range of 30 dB when the 
movements of upper abdominal organs during normal respirations was 
considered up to 40 mm. Accordingly, the results suggested that the 
influence of organ movement is not negligible when designing the wireless 
communication system for in-body scenario.  
Secondly, path loss data and path loss model have been derived for both 
the in-body to on-body and the in-body to off-body channels for the two 
cases. Path loss data was observed to be between 45-90 dB for Taro case and 
between 40-80 dB for Hanako case within a distance up to 95 mm 
approximately. The shadowing term also indicated the influence of lossy 
environment to the wave propagation for the in-body scenario. The channel 
characteristics between two models were different suggesting that the 
characteristics of propagation channel are subject-specific and thus, should 
be considered in future research.  
Additionally, the influence of antenna misalignment on the channel 
characteristics was investigated. Consequently, the results showed that the 
mean PL for the antenna misalignment case is higher than the mean PL for 
the aligned antenna case scenario for both Taro and Hanako model scenarios. 
Furthermore, the comparison between the quantitative information and path 
loss models in both the in-body to on-body (IN2ON) and the in-body to off-
body (IN2OFF) scenarios showed that the PL data for the IN2OFF scenarios 
were similar to the IN2ON scenario. These results suggested that the total 
PL for the IN2OFF channel is mainly attributable to the propagation inside 
human body. 
Consequently, the propagation characteristics for UWB channel in terms 
of time domain parameters i.e. mean excess delay and RMS delay spread 
were also studied. The results presented high signal attenuation levels when 
propagating through multi-layered body tissues which are lossy medium and 
subsequently, it can be deduced that the characteristics of the liver-implanted 
channel were less affected by the multipath. 
In chapter 4, the numerical evaluation of communication performances of 
liver-implanted channel for the in-body to on-body and the in-body to off-
body scenarios in terms of link budget was conducted using both male and 
female digital models. The results showed that the considered application 
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always had a margin higher than 0 dB up to a communication distance of 60 
mm even at a high data rate of 10 Mbps. These results indicated it is viable 
to establish a reliable wireless communication link using the considered 
UWB channel for the proposed application in the example scenario. 
Moreover, chapter 4 also presented the study of a viability of liver-
implanted communications using UWB channel under the safety standard 
based on the FCC regulations of UWB transmission power and ICNIRP 
guidelines. The quantitative data of the required transmitting power for 
achieving the targeted BER of 10-3 at the data rate of 1 and 10 Mbps was 
obtained through a link budget analysis with the path loss data obtained from 
the previous chapter. Thereafter, the 10 g-averaged peak SARs under the 
required transmitting powers were obtained. The results indicated the 
feasibility of the implementation of liver-implanted wireless 
communications using UWB channel at a high data rate as 10 Mbps while 
still following the safety standards.  
Finally, we would like to note that the presented studies have provided the 
fundamental knowledge of the propagation characteristics of in-body 
communication channels using UWB channel for liver-implanted wireless 
telemetry link which will serve as an important initial study for wireless 
liver-implanted applications. We truly hope that our study advances the 
developments in this research field. 
However, in the future work, there remains issues to be investigated before 
actual implementations as follows: (a) more practical implanted antenna 
which is specifically designed for liver implants will be investigated. (b) to 
solve the antenna misalignment case, circular polarized antenna will be study 
for the consider scenario. (c) in addition to the numerical studies, 
experimental study using animal will be performed to gain more insights 
under a realistic propagation medium. (d) discussions with medical persons 
will be done for more accurate usage scenarios including the period of usage 
for the monitoring application, short-, medium-, long-term. (e) more accurate 
approaches for SAR evaluation of wideband transmission should be 
investigated. (f) further improvements of the system can be studied using 
various techniques such as modulation techniques and MIMO technology. 
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Appendix 
 
A. Electromagnetic Compatibility Considerations 
One of the health issues related with the use of a wearable or an implantable 
device is that it may result in a radiation of electromagnetic field to a human 
body leading to an increase of energy absorption in the human body since 
for body area communications, an electromagnetic field source is created 
right in the vicinity of human body or in the human body. Hence, when 
designing a body area communication system, it is necessary to consider 
electromagnetic compatibility issue.  
An exposure to electromagnetic field by the surrounding lossy tissues of 
the body causes biological effect which related to various parameters 
including operating frequency, antenna structure, dielectric properties of 
tissues, and body shape. It is found that there are two types of biological 
effects of electromagnetic fields: the stimulation effect to nervous system 
due to induced current in tissue and the thermal effect due to energy 
absorption in tissue. At low frequency range, electromagnetic field typically 
result in negligible energy absorption and insignificant temperature rise in 
the human body. Nevertheless, at the frequency above 100 kHz, the 
stimulation effect of electric current becomes weak as the cell membrane is 
approximately short-circuited while it becomes possible for a significant rise 
in energy absorption as well as corresponding temperature. With this 
consideration, the quantification of energy absorption in body area 
communication is important in order to study the potential biological effects.  
The quantification of energy absorption in human body is called dosimetry 
and the most important quantity of dosimetry in body area communication is 
specific absorption rate (SAR). SAR is the mass-normalized rate at which 
energy is absorbed by the human body at a specific location. It is related with 
the electric field by 
 
                                             SAR =  
𝜎
𝜌
𝐸2           
                                      
where σ is the conductivity of tissue in S/m, ρ is the mass density in kg/m3 
and 𝐸2 is the root-mean-square (RMS) magnitude of the electric field. 
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 Since communications for body area scenario occur on or in the human 
body, the human body safety takes higher priority than other types of 
wireless communication scenarios. Energy absorption in human body can 
cause heating of the body as well as increase body temperature. If the body 
absorbs higher energy than the heat that is released by the human body into 
the environment, then, the temperature of the internal human body will 
increase from its normal value. The possible consequence is that the body 
will not be able to dissipate the extra heat resulting in tissue damage. This 
emphasizes the need to limit the transmitting power to ensure the human 
safety in body area scenario.  
 Safety guidelines have been established based on the evaluation 
outcome of the relevant research and a threshold SAR is certified. The 
regulated spatial peak SAR limitation in Europe is 2 W/Kg averaged over 10 
g of tissue [117] and in USA, it is 1.6 W/Kg averaged over 1 g of tissue [118]. 
These restrictions on the SAR value, limit the maximum accepted power to 
the antenna. 
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B. MATLAB Code for Channel Response 
Calculation 
 
%Taro 
trefT=xlsread('Summary Impulse Response Tarou.xlsx',1,'A2:A6000'); 
mrefT=xlsread('Summary Impulse Response Tarou.xlsx',1,'B2:B6000'); 
figure; 
plot(trefT,mrefT); 
 
%Hanako 
trefH=xlsread('Summary Impulse Response Hanako.xlsx',1,'A2:A6000'); 
mrefH=xlsread('Summary Impulse Response Hanako.xlsx',1,'B2:B6000'); 
figure; 
plot(trefH,mrefH); 
 
t=xlsread('Summary Impulse Response Hanako.xlsx',1,'C2:C6000'); 
m=xlsread('Summary Impulse Response Hanako.xlsx',1,'D2:D6000'); 
 
absm_ref=abs(mref); 
nor_mref=mref(1:4000)/max(absm_ref(1:4000)); 
r(1:2000)=zeros; 
nor_mref=[nor_mref;r']; 
absm=abs(m); 
nor_m=m(1:4000)/max(absm(1:4000)); 
nor_m=[nor_m;r']; 
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 absm_ref=abs(mref); 
nor_mref2=absm_ref(1:4000)/max(absm_ref(1:4000)); 
 r(1:2000)=zeros; 
 nor_mref=[nor_mref;r']; 
absm=abs(m); 
nor_m2=absm(1:4000)/max(absm(1:4000)); 
 nor_m=[nor_m;r']; 
 
az=1; 
li_ref=find(nor_mref2==1); 
li=find(nor_m2==1); 
shift=li-li_ref; 
tref_ns=tref(li_ref); %actual time of reference pulse 
t_ns=t(li); % actual time of received pulse 
tc = t_ns-tref_ns; %actual time difference 
 
length(nor_m) 
for a=1:4000 % neglect the rest of the pulse after 4000 point as it is too 
small 
    if shift>0 
    nom1(az)=nor_mref(a)*nor_m(a+shift); 
    az=az+1; 
    else 
    nom1(az)=nor_mref(a+abs(shift))*nor_m(a); 
    az=az+1; 
    end 
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end 
 
nom2=sum(nom1); 
clear az; 
az=1; 
 
for a=1:length(nor_mref) 
    dom1(az)=nor_mref(a)^2; 
    dom2(az)=nor_m(a)^2; 
    az=az+1; 
end 
dom3=sqrt(sum(dom1)*sum(dom2)); 
fidel=nom2/dom3*100; 
 
figure; 
plot(nor_m); 
hold on 
plot(nor_mref); 
hold off 
 
if shift > 0 
        figure; 
    m2=nor_m(shift:3999+shift); 
    plot(m2) 
    hold on 
    plot(nor_mref) 
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    hold off 
else  
        figure; 
    mref2=nor_mref(abs(shift):3999+abs(shift)); 
    plot(mref2) 
    hold on 
    plot(nor_m) 
    hold off 
end 
 
 
 
 
